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Evidence for a high-affinity enzyme in rat esophageal microsomes 
which a-hydroxylates N'-nitrosonornicotine 


Sharon E.Murphy and Deborah A.Spina 
American Health Foundation. One Dana Road, Valhalla, NY 10595, USA 
The tobacco-specific nitrosamine N'-nitrosonornicotine 
(NNN) induces esophageal but not liver tumors in the rat. 
This may in part be due to tissue-specific differences in the 
activation of this nitrosamine. Therefore, the metabolism 
of NNN by microsomes from the mucosa of the rat eso¬ 
phagus was characterized and compared to its metabolism 
by liver microsomes. Esophageal microsomes metabolized 
NNN to both 4-hydroxy-l-(3-pyridyl)-I-butanone and 
2-hydroxy-5-(3-pyridyl)tetrahydrofuran, the products of 
2'- and S'-hydroxylation of the pyrrolidine ring, respect¬ 
ively. This activity required an NADPH-generating system 
and was inhibited by carbon monoxide, suggesting that it 
is mediated by a cytochrome P450 enzyme. The apparent 
Kf,t for total a-hydroxylation of NNN by esophageal micro¬ 
somes was 49 £ 6.5 jiM and K mjl was 113 ± 3.7 pmol/mg/ 
min. The ratio of 2'-hydroxylatlon to 5'-hydroxylation was 
3.2 ± 0.5 when the NNN concentration was varied from 

1 fiM to 2 mM. 2'-Hydroxy la tion is believed to be the 
activation pathway responsible for the tumorigenicity of 
NNN, In contrast, the ratio of 2'- to 5'-hydroxylation of 
NNN by liver microsomes was between 0.71 and 0.23 
depending on the concentration of NNN used. Hepatic 
microsomal metabolism of NNN was not saturated at 

2 mM NNN, the highest concentration of NNN used. These 
results confirm the existence of an esophageal enzyme with 
high affinity for a-hydroxylation of NNN; it is probably a 
cytochrome P450. If this enzyme exists in the liver its 
activity is masked by high Km, high V mlx enzymes which 
also a-hydroxylate NNN. These enzymes are not present 
in the esophagus. The presence of a low Km esophageal 
enzyme that 2'-hydroxylates NNN is consistent with the 
hypothesis that NNN esophageal tumorigenicity is at least 
in part due to the efficient activation of NNN in this tissue. 


Introduction 

It has been estimated that 78% of esophageal cancer in the 
United States is attributable to the use of tobacco products 
(1). Nitrosamines are the only constituents of tobacco products 
which induce esophageal tumors in animals (2,3). A/'-Nitro- 
sonomicotine (NNN*) is the most abundant nitrosamine in 
tobacco and tobacco smoke (2). Rats administered NNN in 
the drinking water or in a liquid diet have a high incidence of 
esophageal and nasal tumors but no liver tumors (4-6). 

The related tobacco-specific nitrosamine 4-(methylnitro- 
samino)-l-(3-pyridyl)-l-butanone (NNK) administered to rats 

•Abbreviations: NNN, AC -nitrosonomicotine; NNK, 4-(roe1hylmtrosammo}- 
I -O-pyritiyll-1 -buumotte; NBzMA, V-nitroSabenzylrfiethylamine; NDMA, iV- 
(litrosodimethykimine; NMAA, JV-nilrosomeihylamyiamine: PMSF, phenyl- 
methylsulfonyl fluoride: HPB. 4-hydroxy-1-(3-pyridyl)-1-butanone; lactol, 
2-hydroxy-5-(3-pyridylHctrahydrofuran; NAB. IV'-nilrosoanabasine. 
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in the drinking water induces tumors in the lung, nasal cavity, 
liver and pancreas but not in the esophagus (7,8), A Similar 
tissue specificity with respect to tumor induction is observed 
with /V-nitrosopyrroiidine and (V-nitrosopiperidine. These nitro¬ 
samines differ by only one carbon in the nitrogen-containing 
ring, yet the former induces liver tumors but not a single 
esophageal tumor, while the latter induces esophageal tumors 
(9). Similarly if one looks at tumor incidence as a function of 
alkyl chain length for a series of methylalkylnitrosamines, the 
selectivity is striking. No esophageal tumors are induced when 
the alkyl chain is t, 2, 7, 8, 9 or 10 carbons in length, but 
95-100% incidence occurs when the alkyl chain is 3-6 carbons 
in length U0-I2). The selectivity of these carcinogens to 
induce mainly esophageal tumors has been attributed to the 
presence of a specific enzyme in this tissue which activates a 
subset of nitrosamines (12). 

Labuc and Archer determined that microsomes prepared 
from rat esophagus mucosa metabolized A-nitrosobenzylme- 
thylamine (NBzMA) efficiently by a-hydroxylation (13). 
NBzMA is an esophageal carcinogen (14). The same micro¬ 
somal preparation did not catalyze a-hydroxylation of the liver 
carcinogen A-nitrosodimethylamine (NDMA). More recently. 
A-nitrosomethylamyiamine (NMAA) metabolism by both rat 
and human esophageal and hepatic microsomes was reported 
(15). While the liver microsomes metabolized NMAA by 
a-hydroxylation more efficiently than did esophageal micro¬ 
somes. the difference was only I- to 2-fold as compared to a 
20-fold difference for NDMA. Both these studies are consistent 
with the presence of an enzyme in the esophagus which is 
unique from those in the liver, but the concentrations of 
NMBzA and NMAA used were 5 and 6 mM respectively 
(13,15). Therefore metabolism of these nitrosamines by a high- 
affinity enzyme would not have been detected. Its activity 
would have been overshadowed by the activity of low-affinity 
enzymes. 

The metabolism of NNN by cultured esophagus w as investi¬ 
gated previously (16). The major metabolites were formed by 
a-hydroxylation at either the 2' or 5' position of the pyrrolidine 
ring (Figure I.) The ratio of 2'- to 5'-hydroxylation was 3:1. 
2'-Hydroxylation is the pathway considered to be important 
in tumor induction (16,17). In a more recent study, metabolism 
was studied over a 1—100 uM range of NNN concentration. 
The ratio of 2'- to 5'-hydroxylation was 3.1 over this range but 
total a-hydroxylation did not increase linearly with increasing 
NNN concentration (18), It was suggested by the results of 
this study that the enzyme which a-hydroxytates NNN in the 
esophagus has a low Km- But this work was carried out 
using cultured esophagus, and therefore the concentration 
dependence could be due to other factors, such as the efficiency 
of NNN uptake. The enzymology of NNN a-hydroxylation in 
the esophagus has not been previously characterized. And 
while several investigators have suggested the presence of 
a cytochrome P450 enzyme in the esophagus which 
a-hydroxylates nitrosamines efficiently, limited data exist to 
support this concept. In the present study we compared the 
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Fig. 1. a-Hydroxylation of NNN. 


rate of a-hydroxyiation of NNN by esophageal microsomes 
to the rate obtained with rat liver microsomes over a range of 
NNN concentrations from 1 pM to 1 mM. The relative 
amounts of T- and 5'-hydroxylation were determined at each 
concentration of NNN. 

Materials and methods 

Chemicals 

15- 3 H]NNN <3.4 Ci/mmol) was purchased from Chcmsyn Laboratories 
(Lenexa* KS). The sp. 3Ci. of (5- 3 HJNNN was as provided, or obtained by 
diluting with unlabcled NNN, which was synthesized as reported previously 
(19} and provided to us by Shanrn Amin, Organic Synthesis Facility, American 
Health Foundation. NNN metabolites also were provided by Shamu Amin, 
and were synthesized as previously reported (20—22). NADP, glucosc>6- 
phosphate, gluco$e-6-phosphate dehydrogenase, and phenylmeihylsulfonyl 
fluoride (PMSF), an inhibitor of serine proteases, were obtained from Sigma 
Chemical Co. (St Louis, MO). Methanol, hexane and isopropanol were HPLC- 
(• grade solvents from J.T. Baker (Phillipsburg, NJ), and ethanol was obtained 
from Pharmaco Products (Weston, MO). 

Preparation of esophageal microsomes 

Microsomes were prepared from the esophageal mucosa of male F344 rats 
(250-300 g). Rats were obtained from Charles River Laboratories (Kingston, 
NY), housed in the American Health Foundation's Research Animal Facility, 
and fed NIH-G7 diet. Rats were anesthetized with carbon dioxide and killed 
by decapitation. The esophagus was removed and the mucosa was isolated 
by physically stripping the supporting muscle and submucosa away. The 
method used was as described previously, and the mucosa obtained was 
completely intact and contained no muscle or submucosa contamination (13). 
This tissue was immediately frozen in liquid nitrogen. Alternatively, the 
esohageal mucosa were purchased from Harlan Bioproducts for Science 
(Indianapolis. IN). Specific instructions were given to the technician at Harlan 
Byproducts to strip the outer mucosa free from muscle, to freeze each 
esophagus immediately in separate plastic bags in liquid nitrogen and ship 
them on dry ice, All esophageal tissues were kept at -80°C until use. The 
mucosa from a single esophagus was cut into four or five pieces while still 
frozen, then crushed using a Bessman tissue pulverizer (Fisher Scientific, 
Springfield, NJ) which had been precooled in liquid nitrogen. It is critical that 
the tissue not be allowed to thaw and refreeze during these steps since this 
results in a significant, if not complete, loss of enzyme activity. The crushed 
tissue from 2-6 esophagi was placed in a chilled glass Tenbroeck tissue 
homogetiizer (Scientific Products, Edison, NJ) and 50 mM sodium pyrophosph¬ 
ate buffer, pH 7.4, 1 mM EDTA, 1 mM DTT containing 1 mg/ml PMSF was 
added (1 ml/esophagus). The tissue was homogenized gently on ice (using 
8-12 strokes of the pestle). Excess homogenization can also result in the loss 
of enzyme activity. The homogenate was centrifuged at 9000 g for 30 min at 
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Tabic I. Esophageal microsomal isolation and NNN a-hydroxylation activity 1 

Sample 

No. of 

esophagi 

Microsomal 
protein (mg) b 

Metabolite yie!d c 
pmol/min/mg 

pmol/min/ 

esophagus 

1 

4 

0.36 

4.3 

0.39 

2 

6 

1.2 

2.9 

0.58 

3 

6 

1.0 

3.3 

0.55 

4 

6 

1.2 

3.9 

0.78 

5 

6 

0.98 

2.9 

0.47 

6 

6 

0.89 

6.3 

0.41 

7 

6 

1.2 

0.75 

0 15 

8 

2 

0.72 

1.2 

0.43 

Mean + SD 


3.2 1 1.6 

0.47 £ 0.17 


‘Microsomes were isolated from the mucosa tissue of 2-6 esophagi. Each of 
the eight preparations was analyzed for NNN a-hydroxylation activity prior 
to freezing. 

'Total protein content of the microsomal preparation. 

c Microsomes (0.036-0.28 mg/ml) were incubated at 37°C for [5-20 min with 
1 pM |5- 3 H]NNN (3.4 Ci/mmol) as described in Materials and Methods. 
Activity is expressed in pmol of a-hydroxylation products per mg esophageal 
microsomal protein or per esophagus. 


4°C, the supernatant was removed and centrifuged at 105 000 g for 90 min 
at 4°C. The microsomal pellet was resuspended in 0.2 M potassium phosphate 
buffer, pH 7.0, 0.25 mi/e soph agus, using a 2 ml Tenbroeck tissue grinder 
(Pyrex). The microsomal preparation was assayed immediately for NNN 
a-hydroxylaiian. If the entire preparation was noL used the remainder was 
frozen in aliquots at ~80°C. 

Metabolism of I pM NNN by esophageal microsomes 
The following were combined in a total volume of 0.5 ml and incubated for 
15 min at 37°C with gentle shaking: 0.1 M potassium phosphate buffer (pH 
7.0), 3 mM MgCK. 5 mM glueose-6-phosphale, 4 unit/ml glucose-6-phosphate 
dehydrogenase, 1 jiM NNN, l mM NADP and 0.04-0.28 mg/m I esophageal 
microsomal protein. The reaction was initiated by the addition of 1 mM 
NADP and terminated by the addition of 50 pi 0,3 M barium hydroxide and 
50 pi 0.3 M zinc sulfate and immediately placed on dry ice. Each sample 
was then centrifuged and the supernatant removed and analyzed for NNN 
metabolites by reverse-phase HPLC with radioflow detection. 

The protein concentration of the microsomal preparation was determined 
using Coomassie Plus Protein Assay Reagent (Pierce, Rockford. ILL In 
addition, 100 pi aliquot samples were taken from complete incubation mixtures 
and the protein concentration was analyzed directly. This was done since 

initially there was some concern with the uniformity of the microsomal 
suspensions. All NNN metabolism experiments were carried out under 
conditions where the rate of a-hydroxylation of NNN was linear with protein 
concentration. To determine the inhibition of NNN a-hydroxylation by carbc 
monoxide, microsomes were mixed with all reaction components except 
NADP in a crimp vial; then carbon monoxide (99%) was bubbled through a 
needle into the solution for 3 min. The reaction was begun by the addition of 
NADP to the sealed vial. 

Concentration dependence of NNN ce-hydroxylation b\ esophageal microsomes 
Three separate experiments were carried out using overlapping NNN concentra¬ 
tions to determine the apparent K\[ for NNN a-hydroxyiation. Microsomes 
were combined from three preparations (nos. 2—L Table 1) for experiments 1 
and 2 and a fourth preparation (no. 5, Table I) was used for experiment 3. In 
experiment I, the concentration of NNN used was from l to 100 pM and 
three solutions of NNN with different specific activities were prepared. For 
NNN concentrations of I, 2 and 4 pM, the sp. act.was 1.35 Ci/mmol; for 
concentrations of 10, 20 and 50 pM, the sp. act. was 0.7 Ci/mmol; and for 
100 pM, the sp. act.was 0.31 Ci/mmol. For experiment 2, the NNN concentra¬ 
tion was 2-12 pM and the sp. act.was 0.65 Ci/mmol. In experiment 3, NNN 
concentrations were 100. 200 and 500 pM (sp. act. 0,062 Ci/mmol) and 
500 pM, 1 mM and 2 mM (sp. act. 0.018 Ci/mmol). In all experiments each 
incubation was done in duplicate and the average rate calculated. The 
conditions of the incubations were as described above. The data were graphed 
averaging the rates at concentrations common to each experiment, and ATyt 
and V' max were calculated using EZ-FIT, a microcomputer software package 
developed for the analysis of enzyme kinetics (23). The program uses a non¬ 
linear least-squares regression analysis to determine the kinetic parameters. 
The statistical analysis includes testing the experimental residuals using a 
Runs test or lest of randomness at the 95% confidence level to determine 
whether the data depart systematically from the fitted curve. 

U was not possible to assay esophageal microsomes for NNN 
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Ct-hyciroxylation at NNN concentrations greater than 2 mM. This would 
require the use of a higher specific activity; at l and 2 mM NNN the limit of 
detection was approached under the conditions used. Also, the amount of 
radioactivity one would have to analyze by HPLC would become unacceptably 
high. In the HPLC system used, 4-hydroxy-M.LpyridylM-bulanone (HPB) 
and lactoJ elute -8 min prior to NNN. The separation is complete, but the 
background radioactivity is as great as the HPB/lactoI peak when large 
amounts of |5 _ ’H]NNN are injected, making accurate quantitation of the 
HPB/lactol peak difficult under these conditions. 

,WNN ct-h\'<lmxyUition by liver microsomes 

Three experiments were carried out to determine the of a-hydroxylation 
bv liver microsomes. Microsomes were prepared as previously (24). and 
frozen in aliquots. For incubations with 1, 2 and 4 pM NNN. the sp. act. was 
3.4 CiAnmol; for 4, 10, 50, 100 and 200 pM NNN, the sp> act. was 0.092 Ci/ 
mmol; and for 200, 500, 1000 and 2000 pM NNN. the sp. act. was 0.011 Ci/ 
mmol. Each incubation was done in duplicate, and the average rate calculated. 
The data were graphed averaging the rates at concentrations common to each 
experiment. AT M and V mtK were calculated (23). Carbon monoxide inhibition 
experiments were carried out with l pM NNN as described for experiments 
using esophageal microsomes. 

Analysis for relative amounts of lactol and HPB 

prior to analysis of each sample by reverse phase HPLC, 27 jig of lactol and 
30 pg of HPB were added to each sample. These metabolites co-clute in the 
reverse-phase system and were collected as one fraction, which was applied 
to a C-18 PrepSep cartridge (300 mg, Fisher. Pittsburgh, PA). The cartridge 
was washed with water, and HPB and lactol were eluted with methanol. 
Methanol was evaporated under a stream of nitrogen and the residue was 
resuspended in 50% hexane/33% iso propanol/17% ethanol. The mixture was 
analyzed by normal-phase HPLC. The conditions for separating lactol and 
HPB are described below. Fractions containing each were collected and the 
radioactivity present determined by liquid scintillation counting. Standard 
curves for HPB and lactol were constructed to determine the percent recovery 
of each compound. 

HPLC analysis 

Two HPLC systems were used in the experiments described above. One was 
a reverse'phase system which used a Phenomena* Cl8 Bonddone-10 column 
(300x3,9 mm. Torrance, CA), and the second was a normal-phase system 
which used a Phenomenex Silica Bondclone-tO column (300X3.9 mm). NNN 
and its metabolites were eluted from the former with a linear gradient from 
100% 20 mM potassium phosphate pH 7.0 (A) to 70% A and 30% methanol 
in 60 min. Reference metabolites were analyzed by absorbance at 254 nm and 
a-hydroxylation products by radioflow detection (Radiomatics Instruments, 
Tampa, FL). Elution of NNN and its metabolites from the silica column was 
with a linear gradient from 100% hexane to 50% hexane and 50% isopropanol/ 
ethanol (2:1) in 30 min. NNN. HPB and lactol standards were monitored by 
absorbance at 254 nm. 

'Results 

Previously we reported that essentially all the NNN 
a-hydroxylation activity is present in the outer mucosa of 
the esophagus (25,26). Therefore, only this tissue was used to 
isolate microsomal preparations in the present study. Micro¬ 
somes were isolated from two, four or six esophagi. The 
rates of a-hydroxyiation which were determined for eight 
preparations are presented in Table I. If a larger number of 
esophagi were used in an individual preparation, the activity 
recovered per esophagus was decreased significantly. The rate 
of a-hydroxylation was linear with protein concentration, and 
with time up to 30 min. The average activity obtained was 
.3.2 ± 1.6 pmol/mg/min. The relatively large standard deviation 
probably reflects the variable stability of the enzyme(s) during 
the work-up. a-Hydroxylation of I pM NNN by esophageal 
microsomes was inhibited 60% and 67% by carbon monoxide 
in two experiments and was dependent on an NADPH- 
generating system. This compares to the 75-80% carbon 
monoxide inhibition of NNN a-hydroxylation by rat liver 
microsomes that we observed. 

Difficulty was encountered in consistently isolating a large 
active microsomal preparation. Therefore, it was necessary to 
combine several preparations for a particular experiment. To 


NNN a-hydroxylntion by rat espobageal microsomes 

ensure that preparations of equal activity were pooled, the 
following precautions were taken. Immediately after isolation 
of microsomes the rate of a-hydroxylation was determined. 
The remainder of the preparation was frozen in two aliquots. 
Prior to pooling any samples, one aliquot was assayed to 
determine if activity was lost due to freezing. Samples of 
similar activity that had lost little activity were then combined. 

The dependence of NNN a-hydroxylation by rat esophageal 
microsomes on substrate concentration was determined for 
1 pM —2 mM NNN (Figure 2A). Each point is the average of 
duplicates. The average percentage difference between the 
mean and each value was 3.8 £ 3.5% (n = 16). These data 
were obtained in three experiments using decreasing specific 
activities of [5 - 3 H]NNN. To confirm the validity of combining 
these data a common concentration was used for each change 
in the sp. act. of [5- } H]NNN. A double reciprocal plot of 
substrate concentrations versus rate of NNN a-hydroxylation 
is presented in Figure 3A. The apparent for total 
a-hydroxylation of NNN by esophageal microsomes was 49 
±6.5 pM and V mlx was 113 £ 3.7 pmol/mg/min (SE, P < 0.05). 

Similar experiments were carried out using liver microsomes 
(Figures 2B and 3B). The best fit curve which was calculated 
for these data has an apparent K M for a-hydroxylation of NNN 
of 1.2 ± 0.25 mM and a of 3400 ± 340 pmol/mg/min, 
but the data do not fit these parameters with 95% confidence. 
This is most likely because the activity in liver microsomes 
does not appear to saturate by 2 mM NNN. 

The apparent of a-hydroxylation for microsomes from 
each of these tissues was calculated for the sum of lactol and 



Fig. 2. Concentration of NNN versus rate or formation of ot-hydroxylation 
products (lactol plus HPB) (A) by esophageal microsomes (points for 
1-500 pM are the average of two determinations), and (B) hepatic 
microsomes (points are the average of two determinations). 
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Fig. 3. Double reciprocal plots for NNN a-hydroxylation by (A) esophageal 
microsomes and (B) hepatic microsomes. Activities are expressed as pmol/ 
min/mg. The lines were generated using EZ-F1T, a software program for the 
analysis of enzyme kinetics <23). 


HPB. The former is the product of 5'-hydroxylation and the 
latter the product of 2'-hydroxylation (Figure I). These two 
compounds co-elute in the reverse-phase HPLC system used 
here, but can be separated by normal-phase HPLC. A portion 
of each sample from the analyses presented in Figures 2 and 
3 was also analyzed by normal-phase HPLC. The ratio of HPB 
to lactol at the various concentrations is presented in Table 11. 
In the case of the esophagus the ratio was from 3.6 to 2.6 and 
did not change significantly over the concentrations studied. 
For NNN a-hydroxylation by the liver, lactol formation was 
dominant, and its relative proportion increased when the NNN 
concentration was increased from I to 10 pM. At I jlM NNN, 
1.4 pmol of lactol were formed for every 1.0 pmol HPB, while 
at NNN concentrations >10 pM, 3-4 pmol lactol were formed 
for every I pmol HPB. Therefore, even though the rate of 
total a-hydroxylation of 10 pM NNN by liver microsomes, 
52 pmol/mg/min, is 2.5 times greater than a-hydroxylation by 
esophageal microsomes, 21 pmol/mg/min, the rate of formation 
of HPB is 1.5 times less. 

Discussion 

The results of the studies presented here provide the first 
strong evidence for the presence of a high-affinity microsomal 
enzyme in the rat esophagus which a-hydroxylates the eso¬ 
phageal carcinogen, NNN. Several investigators have proposed 
the existence of such an enzyme for rutrosamines which induce 
esophageal tumors (12,13,15), but its existence has yet to be 
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Table II. Ratio of 2'-hydroxyhmon to S r -hydroxy laiion 11 


NNN concentration (pMl 

Esophagus 

Liver 

i 

3.0 

0.71 

4 

3,6 

0.62 

6 

3.5 

ND S 

to 

3.5 

0.22 

20 

3.9 

0.33 

JO 

3.0 

0.34 

100 

2.6 

0.3! 

200 

3.0 

0.23 

500 

2.3 

0.23 

1000 

ND 

0.26 

2000 

ND 

0.32 


a The fractions containing HPB and lactol were collected from reverse-phase 
HPLC, then separated on normal-phase HPLC. 
b ND, not determined. 


confirmed. The determination of the and of an 
esophageal enzyme has not been previously reported. The 
present study measured these kinetic parameters for t 
a-hydroxylation of NNN by esophageal microsomes, and 
compared them to the parameters for the same reaction by 
liver microsomes. There were two major differences in NNN 
metabolism by microsomes from these two tissues, (t) the 
enzyme from the esophagus saturated, with a of 

113 pmo!/mg/min (/f M = 49 p.M), while the liver enzyme was 
not saturated by 2 niM NNN. (ii) In the esophagus, 2'- 
hydroxylation was three times greater than 5', but in the liver 
5'-hydroxylation was as much as four times greater than 2\ 

Previously, the products of the two a-hydroxytation path¬ 
ways, HPB and lactol. were identified as the major products 
of liver microsomal metabolism (22). The microsomes in that 
study and a second study (27) were prepared from Aroclor- 
pretreated rats. The apparent for 2'-hydroxylation and for 
5‘-hydroxylation were reported to be 1.81 and 1.96 mM 
respectively, and the values were 530 and 1050 pmol/ 
mg/min respectively (27). The concentration of NNN used 
was 1.5-20 mM, while in the present study the highest NNN 
concentration was 2 mM. 

2'-Hydroxyiation is the pathway considered to be importap' 
for tumor induction by NNN. This was first suggested by th. 
results of a comparative metabolism study of NNN and N'- 
nitrosoanabasine (NAB) (171. NAB differs from NNN only in 
that the pyrrolidine ring is replaced by a piperidine ring. 
Therefore, a-hydroxylation of NAB is either at the 2' or 6' 
position. Despite the similar structures of these compounds, 
their carcinogenic activities are quite different. At the same 
total dose (3.6 mmol) NNN induced esophageal tumors in 12/ 
20 rats, while NAB induced esophageal tumors in only 1/20 
rats (4). The esophageal metabolism of these nitrosamines is 
also quite different. When rat esophagus was incubated for 
24 h with 2.6 pM nitrosamine the ratio of 2'- to 5’- or 6'- 
hydroxylation was 3. i for NNN and 0.2 for NAB. 

More recently DNA adduct(s) that release HPB upon acid 
hydrolysis have been identified in the liver of NNN-treated 
rats and in cultured rat esophagus (18.28). No adducts have 
been identified that would be formed from 5'-hydroxylation. 
This is again consistent with 2'-hydroxyIation being the 
important pathway for NNN activation. 

The ratio of 2'- to 5'-hydroxylation of NNN by cultured rat 
liver and esophagus was determined at 5 pM NNN (16). This 
ratio was 1.4 in the liver compared to 3.1 in the esophagus. 
The authors proposed that 2'-hydroxylation is the key step in 
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NNfvf activation in the esophagus. The ratio of 2'- to 5'- 
hydroxylation of 10 mM NNN by liver microsomes was 
previously reported to be 0,13 (29), Therefore, in the liver, a 
tissue that is not susceptible to NNN tumorigenicity, 5'- 
hydroxylation is the dominant metabolic pathway. In the 
present study we report the ratio of NNN 2'- to 5'-hydroxylation 
to be 0.71-0-23 for liver microsomes, depending on the 
NNN concentration, while in the esophagus the average ratio 
is 3.2 ± 0.5. 

The data obtained in the present studies confirm the presence 
of a high-affinity enzyme for a-hydroxylation of NNN in 
the esophagus. This enzyme, which is inhibited by carbon 
monoxide, is probably a cytochrome P450 enzyme. If the same 
or a similar high-affinity enzyme is present in the liver 
its activity is masked by high K M , high l / max enzymes that 
a-hydroxylate NNN. Previously, we showed that antibodies to 
cytochrome P450 IICI1 inhibited hepatic microsomal 
a-hydroxylation of ! |iM NNN by >50% but had no effect on 
NNN metabolism by esophageal microsomes (26). Therefore, 
there are cytochrome P450 enzymes in the liver distinct from 
( those in the esophagus. The presence of a low /f M esophageal 
enzyme that metabolizes NNN primarily by 2'-hydroxylation 
is consistent with the hypothesis that NNN esophageal tumorig¬ 
enicity is partially due to the efficient activation of NNN in 
this tissue. The characterization of a similar enzyme in the 
esophagus of humans could be a key to understanding the 
etiology of human esophageal cancer. 
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